Abstract
Introduction
by ONOO and therefore are considered to be its targets. Many enzymes are inactivated and lose their function such
Nitric oxide (NO) and superoxide (O ) react at a as aconitase [12] and Na -K -ATPase [13] upon expo-2 2 2 diffusion-limit rate to form peroxynitrite (ONOO ) [1] . As sure to ONOO . In contrast, the latent forms of matrix 2 a potent oxidant species, ONOO is recognized to play a metalloproteinases (MMPs) are known to be activated by 2 key role in many cardiac pathologies such as ischemiaoxidant species including ONOO [14, 15] . reperfusion injury [2] [3] [4] [5] and pro-inflammatory cytokineMMPs are a family of zinc-containing endopeptidases induced myocardial dysfunction [6] . Indeed, antioxidants with at least 20 members and are best recognized for their 2 such as glutathione detoxify ONOO and protect hearts ability to degrade the extracellular matrix [16] . While all from ischemia-reperfusion injury [7] . Many biological MMPs are synthesized as pro-enzymes (pro-MMPs), most molecules such as proteins [8] , lipids [9] , carbohydrates of them are secreted from the cell as pro-MMPs and are [10] and nucleic acids [11] can react with and are modified activated pericellularly [17] . Breakage of the cystinyl sulphydryl bond between a cysteine residue of the pro-21 peptide and the Zn catalytic centre is necessary for the molecules like ONOO [14] . For example, ONOO was NaOH solution as used for the preparation of ONOO was shown to be a potent activator of pro-MMP-8 without added. The solutions were filtered through Mn(IV)O to 2 2 causing a change in its molecular weight [14] inhibitors such as the tissue inhibitors of metalloprotein-UV spectroscopy (l 5302 nm;´51670 M cm ). max ases (TIMPs) [16] . Stock solutions were prepared by dilution in double Apart from roles of MMPs in long-term remodeling distilled water and were kept in a light-shielded container processes such as embryonic development, wound healing during the infusion. and cancer invasion [17] , there is increasing evidence that some MMPs like MMP-2 can also rapidly regulate diverse cellular functions independent of their effects on the 2.2. Heart preparation and perfusion extracellular matrix [19] [20] [21] [22] [23] . This includes effects of MMP-2 on platelet aggregation [19] , the control of vascuMale Sprague-Dawley rats (250-300 g) were used for lar contractile tone through the proteolytic effects of the experiments. Hearts were rapidly excised from pen-MMP-2 on big endothelin-1 [20] and calcitonin gene tobarbital anesthetized rats and briefly rinsed by immersion related peptide [21] and attenuation of inflammatory into ice-cold Krebs-Henseleit solution. They were persignals by cleavage of monocyte chemoattractant protein-3 fused via the aorta at a constant flow of 10 ml / min by [22] . We recently demonstrated that MMP-2 activity is means of a peristaltic pump (Buchler Instruments Inc, Fort acutely enhanced in isolated perfused rat hearts during Lee, NJ) with Krebs-Henseleit buffer at 378C. The reperfusion following ischemia and contributes in part to composition of the buffer was (in mM): NaCl (118), KCl myocardial stunning [23] . The mechanism of this enhance-(4.7), KH PO (1.2), MgSO (1.2), CaCl (3.0), NaHCO the first minute of reperfusion following ischemia [3, 23] Spontaneously beating hearts were used in all experi-2 are similar, we hypothesized that ONOO activates MMPs ments. A water-filled latex balloon connected to a pressure in the myocardium and that the mechanical dysfunction of transducer was inserted into the left ventricle through an 2 heart subjected to the infusion of exogenous ONOO is incision in the left atrium and through the mitral valve and mediated in part by MMPs.
the volume was adjusted to achieve an end diastolic pressure of 8-12 mmHg. A transducer was placed in the infusion line close to the heart to monitor coronary perfusion pressure. Coronary perfusion pressure, heart rate 2. Methods and left ventricular pressure were monitored on an IBM compatible computer using an MP100 system (BIOPAC This investigation conforms to the Guide to the Care Systems Inc, Santa Barbara, CA). Left ventricular deand Use of Experimental Animals published by the veloped pressure (LVDP) was calculated as the difference Canadian Council on Animal Care (revised 1993).
between systolic and diastolic pressures of the left ventricular pressure trace. The rate-pressure product (RPP) 2.1. Materials was calculated as the product of heart rate and left ventricular developed pressure. A water-jacketed glass The supernatant from phorbol ester activated human chamber was positioned around the heart to maintain its fibroblast HT1080 cells (American Type Culture Collectemperature at 378C. Stock solutions of various reagents tion, Rockville, MD), which contains large amounts of were infused into the heart via a side-port proximal to the pro-MMP-2, MMP-2, pro-MMP-9 and MMP-9 was used aortic cannulae at a constant rate of 0.1 ml / min by a as a standard. The MMP inhibitor PD-166793 was a kind
Gilson mini pump (Minipuls 3, Villiers Le Bel, France). gift from Parke-Davis (Ann Arbor, MI). All other agents
The intervals between thoracotomy and attachment of were purchased from Sigma (St. Louis, MO). Peroxynitrite the heart to the perfusion system and between thoracotomy 2 and decomposed ONOO were freshly prepared as previand beginning of stabilization period were less than 1 and ously described before each experiment [3] . Briefly, an 5 min, respectively. Using this perfusion protocol, hearts ice-cold solution of NaNO (2 M) and a mixed solution of maintained a steady state of coronary flow, heart rate and 2 nitric acid (11.1 M) and H O (8.2 M) in two separate left ventricular developed pressure for at least 80 min after 2 2 syringes were simultaneously discharged into a rapidly stabilization. 
Infusion of ONOO
scribed [23] . Briefly, concentrated coronary effluent samples were mixed with non-reducing sample loading buffer Following 20 min of perfusion (stabilization period), the and applied to 8% polyacrylamide gel copolymerized with thromboxane mimetic U46619 (1-100 nM) was infused at 2 mg / ml gelatin. Then, 1-2 mg of effluent concentrate or a concentration sufficient to increase the coronary perfu-40 mg of myocardial tissue extract were loaded in each sion pressure to 100-150 mmHg from a baseline of 40 lane. After electrophoresis, gels were rinsed in 2.5% Triton mmHg. The infusion of U46619 was maintained through-X-100 (3320 min) to remove sodium dodecyl sulfate. out the duration of the perfusion. After 15 min of U46619
Then the gels were washed twice in incubation buffer for infusion, when the increase in coronary perfusion pressure 20 min each at room temperature. The composition of the 2 reached a plateau in all hearts, either decomposed ONOO incubation buffer was (in mM): Tris-HCl (50), CaCl (5), 2 2 or ONOO (30 and 80 mM each) were infused into the NaCl (150) and 0.05% NaN . The gels were then kept in 3 hearts for 15 min followed by a 15 min washout period. In incubation buffer at 378C overnight. After incubation, gels pilot experiments, we did not see any effect of these were stained in staining solution (2% Coomassie Brilliant concentrations of U46619 on MMP-2 release into the blue G, 25% methanol, 10% acetic acid) for 2 h and then coronary effluent. Hearts were perfused for a total duration destained twice for 30 min each in destaining solution (2% of 65 min and their mechanical function was recorded. Six methanol, 4% acetic acid). Zymograms were scanned milliliters of coronary effluent was collected immediately using an HP 6100 scanner (Hewlett-Packard), and the band before and 1, 2, 5, 10, and 15 min after beginning the intensities were analyzed by Sigmagel software (version 2 infusion of ONOO , and at the end of washout period. 1.0, Jandel Scientific). MMP activities were expressed as a Coronary effluent samples were immediately placed on ice specific activity per microgram of protein in either the and processed on the same day. At the end of the coronary effluent or the myocardial extract. perfusion, hearts were freeze-clamped with tongs cooled to the temperature of liquid nitrogen and stored at 2808C.
Inhibition of MMPs by PD-166793 in vitro
In separate groups of hearts, either PD-166793 (2 mM) or glutathione (GSH, 300 mM) were infused into the heart To investigate the inhibitory profile of PD-166793 on at the same time with U46619. S-nitroso-acetylpenicilthe gelatinolytic activities of MMPs, PD-166793 (0.2-10 lamine (SNAP, 3 mM) was infused into a separate group of mM) was added to the incubation buffer during the 
Protein concentration of the coronary effluent
Data were expressed as mean6standard error of the mean (S.E.M.). One-way or two-way repeated measures The 6-ml coronary effluent samples were concentrated ANOVA with Neuman Keuls as a post-hoc test or Stuin Centricon-30 concentrating vessels (Amicon Inc, Beverdent's t-test was used for statistical analysis when approly, MA). After concentration, the final volume of samples priate. A value of P less than 0.05 was considered was estimated gravimetrically. Protein concentration in the statistically significant. concentrate was determined by bicinchoninic acid assay using bovine serum albumin as standard. The protein concentration in coronary effluent before concentration 3. Results was calculated and expressed as micrograms per milliliter. Frozen hearts were crushed using a mortar and pestle at Infusion of 30 mM ONOO caused vasodilatation liquid nitrogen temperature and then homogenized by evidenced as a decline in coronary perfusion pressure sonication in ice-cold 50 mM Tris-HCl (pH 7.4) conwhich peaked at 10 min, was maintained for the duration taining 3.1 mM sucrose, 1 mM dithiothreitol, 10 mg / ml of the 15 min infusion and was reversed upon washout 2 leupeptin, 10 mg / ml soybean trypsin inhibitor, 2 mg / ml (Fig. 1A) . Infusion of 80 mM ONOO caused a more rapid aprotinin, and 0.1% Triton X-100. The homogenate was vasodilatation which peaked at 5 min, and then rapidly centrifuged at 10 0003g at 48C for 10 min and the converted to vasoconstriction which was maintained even 2 supernatant was collected and stored at 2808C. (Fig. 1B) . 
Effect of ONOO on coronary effluent and myocardial MMP-2 levels
In accordance with our previous study [23] , all coronary effluents at baseline from aerobically perfused hearts showed a strong band of 72-kDa gelatinolytic activity ( Fig.  2A) , whereas only some effluents showed a much weaker band of 64-kDa activity (data not shown). While infusion 2 of 30 mM ONOO did not increase 72-kDa gelatinolytic 2 activity, infusion of 80 mM ONOO caused a rapid increase in this activity in the coronary effluent. This increase did not occur in the effluent from hearts infused 2 with decomposed ONOO ( Fig. 2A and B) . The 72-kDa 2 activity peaked at 10 min of ONOO infusion and subsequently declined. After washout, the release of gelatinolytic activity from the heart returned to baseline 2 levels. Moreover, infusion of ONOO caused an increase in net protein release from the hearts (Fig. 2C) , however, this became statistically significant only at 15 min infu- (Fig. 2B) . There was no difference over time in the function measured as the rate-pressure product (heart rate3left ventricuprotein concentration in the effluent from both decomposed lar developed pressure (B) in isolated perfused rat hearts. Bar denotes ONOO -and 30 mM ONOO -treated hearts (Fig. 2C) ONOO or dec. ONOO . For both panels (B) and (C), the differences between 80 mM ONOO and decomposed ONOO are P,0.05 by two-way repeated measures ANOVA, n56 in each group. . This is expected because of the ready dissociation of effluent (Fig. 3A) , and prevented the decline in cardiac the complex between MMP-2 and PD-166793 during 2 mechanical function caused by infusion of 80 mM ONOO electrophoretic conditions (data not shown). PD-166793 (2 (Fig. 3B) . In accordance with our previous results [7] , mM) abolished the depression of cardiac mechanical 2 2 ONOO caused only prolonged vasodilatation in the function induced by 80 mM ONOO (Fig. 4C) . presence of glutathione (data not shown).
3 ONOO reacts with endogenous thiols such as gluta-PD-166793, when added to the zymography incubation thione forming nitrosothiol intermediates which then rebuffer, concentration-dependently inhibited the 72-kDa lease nitric oxide [24, 25] . To verify whether the enhanceactivity of a 35 min perfusion coronary effluent sample ment of 72-kDa activity in the coronary effluent by 2 from an aerobically perfused heart (Fig. 4A) . PD-166793 ONOO was due to vasodilatation or due to NO forma-2 did not alter the coronary vascular response to ONOO , tion, we used the nitrosothiol NO donor S-nitrosoneither did it have an effect on the concentration of acetylpenicillamine (3 mM, n55) to induce vasodilatation 2 to a similar level as seen in ONOO -treated hearts and did not find any change in MMP activity in the coronary effluent. Infusion of SNAP caused a rapid and reversible vasodilatation without having any effect on mechanical function (Fig. 5A) . However, it caused no change in the release of 72-kDa gelatinolytic activity (Fig. 5B ).
Discussion

2
We have shown here that infusion of authentic ONOO caused a rapid and significant increase in 72-kDa gelatinolytic activity into the coronary effluent which preceded the decline in myocardial contractile function. In spite of its short half-life, the heart was exposed to a 2 constant concentration of ONOO by its continuous infusion into the perfusion buffer via a side-port immediately proximal to the aortic cannula. In a similar model as used here, Vila et al. [26] PD-166793 on mechanical function measured as rate-pressure product from hearts subjected to 80 mM ONOO . 72-kDa activity following ONOO infusion may have several reasons: (a) our previous observation of this in ischemia-reperfusion injury [23] is because that is a stronger insult to the heart which indeed resulted in a greater release of 72-kDa activity; (b) ischemia-reperfu-2 sion results in oxidative stress due to endogenous ONOO formed directly within cardiomyocytes; and (c) the release of 72-kDa activity appears to be a subtle yet early response to an intravascular oxidative stress.
ONOO is able to enhance MMPs activity by several means. As it is recognized for its ability to oxidize thiols 2 [29] , ONOO might cause oxidative modification of the cysteine residue in the pro-peptide domain. Perturbation of the cysteine-zinc bond, the so-called cysteine switch, is suggested to underlie the activation mechanism of proMMPs [18] . The zymogen form of purified human neutrophil collagenase (pro-MMP-8) was activated by authentic 2 ONOO in a concentration range similar to what was used here [14] without causing a change in its molecular weight. domain could also assist in the unfolding of pro-MMPs [15] . Although inactivation of tissue inhibitor of metallop-2 produced by the reaction of endogenous tissue thiols with roteinases (TIMPs) by ONOO may result in the upregula-
ONOO which then initiates the vasorelaxation [26] . tion of gelatinolytic activity [30] , it could not explain our In accordance with our previous report [23] , the main findings because TIMPs should be dissociated from MMPgelatinolytic activity in coronary effluent from the aerobi-2 under the conditions of the zymography assay. Whether 2 cally perfused heart is 72-kDa, corresponding to proin vivo inactivation of TIMPs by ONOO contributes to MMP-2. We did not see any 92-kDa gelatinolytic activity the enhancement in MMP activity needs further inves-2 (MMP-9) either in coronary effluent or heart homogenate tigation, as ONOO was shown to inactivate TIMP-1 in even with longer (72 h) incubation of the zymograms. This vitro [30] . reflects the notion that MMP-9 is primarily found in Not surprisingly, Owens et al. [31] observed an inhibineutrophils [27] and macrophages [28] . A rapid and tion of MMP-2 activity with high concentrations of 2 significant increase in 72-kDa activity was observed in ONOO ($250 mM). It is compatible with the notion, as 2 coronary effluent from hearts exposed to 80 mM ONOO .
shown here, that a low level of oxidant stress may activate Moreover, this enhancement was an early event induced by certain enzymes such as MMPs, whereas higher levels of 2 2 ONOO and unrelated to a general increase in the level of oxidant stress by ONOO could incur further protein myocardial proteins in the coronary effluent, which peaked modifications (i.e. thiol oxidation, nitrosylation, nitroseveral minutes later (Fig. 2) . Neither was it related to the tyrosine formation) which result in the inhibition of formation of a nitrosothiol intermediate as the release of enzyme activity [12, 32] . Very high concentrations of 2 MMP-2 activity was not stimulated by S-nitroso-ONOO ($500 mM) are able to directly induce protein acetylpenicillamine, a nitrosothiol which nonetheless fragmentation in cell-free systems [30, 31, 33] . caused a similar decrease in coronary perfusion pressure as
The mechanism of myocardial injury induced by MMPs 2 ONOO . Furthermore, exogenously supplied glutathione remains unclear. Apart from the extracellular matrix, little prevented the increase in coronary effluent gelatinolytic is known about other targets of MMPs [16] . Recently, 2 activity and protected the heart from ONOO -induced myosin heavy chain was found to be susceptible to myocardial dysfunction at the same concentration at which degradation by MMP-2 in vitro and evidence for degra-2 it protected hearts from endogenous ONOO -mediated dation fragments were found in hearts from patients with injury caused by ischemia and reperfusion [7] . Nor is this dilated cardiomyopathy [34] . We have recent evidence
